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Introduction {#sec001}
============

Olfaction, the sensing of airborne chemicals from the environment, is a critical process for insects, allowing detection of food, danger and mates. Importantly, olfaction allows disease vector insects to locate and feed on humans \[[@pone.0177454.ref001]--[@pone.0177454.ref003]\]. Odorant molecules are detected by members of several chemosensory receptor families, including the olfactory receptors (ORs) that are embedded in the plasma membranes of olfactory sensory neurons (OSNs) located in the antennae and maxillary palps \[[@pone.0177454.ref002]\]. Insect ORs are ligand (odorant) gated nonselective cation channels \[[@pone.0177454.ref004], [@pone.0177454.ref005]\]. These receptors have also been proposed to initiate, or be modified by, second messenger cascades \[[@pone.0177454.ref005], [@pone.0177454.ref006]\]. Insect ORs are heteromeric complexes composed of a variable odorant specificity subunit and a constant odorant receptor co-receptor (Orco) subunit, in an unknown stoichiometry \[[@pone.0177454.ref007]--[@pone.0177454.ref009]\]. Both the odorant specificity and Orco subunits contribute to the properties of the channel pore \[[@pone.0177454.ref010]--[@pone.0177454.ref012]\], while the odorant specificity subunits are the major determinant of odorant sensitivity \[[@pone.0177454.ref013]--[@pone.0177454.ref018]\]. Numerous odorant specificity subunits are expressed within a species: for example, 62 in *D*. *melanogaster* \[[@pone.0177454.ref008]\], 79 in *A*. *gambiae* \[[@pone.0177454.ref018]\], and 176 in *C*. *quinquefasciatus* \[[@pone.0177454.ref019]\]. In contrast, each species expresses a single, highly conserved Orco subunit \[[@pone.0177454.ref009], [@pone.0177454.ref020]--[@pone.0177454.ref024]\]. Some ORs are highly specialized, focusing on specific molecules such as pheromones \[[@pone.0177454.ref025]\] or various ecologically relevant odorants \[[@pone.0177454.ref026], [@pone.0177454.ref027]\]. Other ORs appear to be part of a combinatorial coding system in which each odorant activates multiple ORs and each OR is activated by multiple odorants \[[@pone.0177454.ref013], [@pone.0177454.ref014], [@pone.0177454.ref018]\]. Extensive divergence of the odorant specificity subunit family allows each species to survey ecologically relevant portions of odor space to guide behavioral decisions \[[@pone.0177454.ref013]\].

A major approach to controlling the spread of insect-borne disease is the use of insect repellents. *N*,*N*-diethyl-*m*-toluamide (DEET) is the active ingredient in most current insect repellents, acting as an airborne spatial repellent and as a contact irritant \[[@pone.0177454.ref028], [@pone.0177454.ref029]\]. Additional repellents have been developed, such as p-menthane-3,8-diol (PMD), IR3535 and picaridin, but none are as effective as DEET \[[@pone.0177454.ref029]\]. However, DEET is not without its drawbacks. It must be used at high concentrations, ranging from 7% (350 mM) to as much as 98% (5 M), and requires frequent reapplication. This makes DEET too expensive for daily use in regions most affected by insect-borne disease \[[@pone.0177454.ref029]\]. Additionally, mosquitoes can exhibit decreased repellency by DEET following previous exposure \[[@pone.0177454.ref030]\]. While contact effects of DEET are mediated by gustatory receptors \[[@pone.0177454.ref031], [@pone.0177454.ref032]\], the spatial repellency is OR dependent \[[@pone.0177454.ref033]\], making the ORs attractive targets for the development of new repellents.

Most recent efforts to target ORs for the development of new repellent compounds have involved identification of odorant specificity subunits that recognize behaviorally important odorants \[[@pone.0177454.ref013], [@pone.0177454.ref018], [@pone.0177454.ref034]--[@pone.0177454.ref037]\], and in a few cases, subsequent large-scale ligand screening \[[@pone.0177454.ref038], [@pone.0177454.ref039]\]. However, odorant specificity subunit families are quite divergent across species and there is variation in the odorants and odorant specificity subunits that are important for various species-specific behaviors \[[@pone.0177454.ref002], [@pone.0177454.ref040]\]. In addition, OSN responsiveness and olfactory behavior in mosquitoes is altered after a blood meal or following infection by the malaria parasite \[[@pone.0177454.ref041]--[@pone.0177454.ref043]\]. Changes in the levels of antennal RNA transcripts encoding odorant specificity subunits have been observed after blood feeding in *A*. *gambiae* \[[@pone.0177454.ref044]\], which may underlie blood meal induced physiological and behavioral changes. This makes the odorant specificity subunits a complex and highly variable set of targets for the development of new insect control agents.

In contrast, each species expresses a single Orco subunit that is present in all ORs and is highly conserved across species \[[@pone.0177454.ref020], [@pone.0177454.ref021], [@pone.0177454.ref023], [@pone.0177454.ref024], [@pone.0177454.ref045]\]. Genetic deletion or suppression of Orco abolishes OR-mediated behaviors in various insects \[[@pone.0177454.ref021], [@pone.0177454.ref046], [@pone.0177454.ref047]\] and decreases preference for humans in *Aedes aegypti* mosquitoes \[[@pone.0177454.ref033]\]. The discovery of a compound, N-(4-ethylphenyl)-2-((4-et-5-(3-pyridinyl)-4H-1,2,4-triazol-3-yl)thio)acetamide (VUAA1), that activates insect ORs through the Orco subunit, revealed the presence of a ligand-binding site on Orco \[[@pone.0177454.ref038]\]. It is currently unclear whether this binding site has a physiological purpose, but several additional agonists and numerous antagonists of this site have been identified \[[@pone.0177454.ref048]--[@pone.0177454.ref052]\]. Interestingly, several trace amines have been shown to be potent antagonists of Orco \[[@pone.0177454.ref050]\]. In addition to blocking activation of ORs by Orco agonists, Orco antagonists have been shown to inhibit odorant activation of a broad range of ORs through an allosteric mechanism \[[@pone.0177454.ref048]--[@pone.0177454.ref052]\], suggesting that chemical inhibition of OR-mediated behaviors may be possible by antagonizing the Orco subunit. The targeting of Orco offers the possibility of developing compounds that are active at multiple ORs across different species. Here, we show that an airborne Orco antagonist can abolish an olfactory behavior in *D*. *melanogaster* larvae.

Results and discussion {#sec002}
======================

Orco antagonist OX1w inhibits odorant activation of a broad range of ORs {#sec003}
------------------------------------------------------------------------

The phenylthiophenecarboxamide compound OX1a ([Fig 1](#pone.0177454.g001){ref-type="fig"}) is a useful lead structure for the discovery of potent Orco antagonists \[[@pone.0177454.ref048], [@pone.0177454.ref049]\]. We screened a new series of compounds based on the OX1a structure ([Fig 1](#pone.0177454.g001){ref-type="fig"}). Various halogen substitutions were made as an attempt to increase potency while maintaining or improving the low volatility of OX1a. We initially screened these compounds, at a concentration of 100 μM, for the ability to antagonize Orco agonist OLC12 \[[@pone.0177454.ref048]\] activation of ORs (heteromeric complexes of odorant specificity subunits and Orco) expressed in *Xenopus* oocytes and assayed by two-electrode voltage clamp electrophysiology. We chose to use heteromeric ORs as screening targets because this is thought to be the native environment for Orco (as a component of a heteromeric OR complex) and because Orco and odorant specificity subunits exert allosteric effects on one another which can alter the ligand sensitivities of each subunit \[[@pone.0177454.ref048]--[@pone.0177454.ref050]\]. We used Dmel\\Orco+Dmel\\Or35a activated by 10 μM OLC12, the approximate EC~25~ \[[@pone.0177454.ref048]\], as a representative *D*. *melanogaster* OR, because other *D*. *melanogaster* ORs express poorly in *Xenopus* oocytes \[[@pone.0177454.ref011], [@pone.0177454.ref016]\]. As a representative mosquito OR, we used Cqui\\Orco+Cqui\\Or21 activated by 3 μM OLC12, the approximate EC~25~ \[[@pone.0177454.ref049]\], from *C*. *quinquefasciatus*, the West Nile Virus vector. OX1v, OX1w, and OX1x showed improved ability to inhibit OLC12 activation of both receptors. A range of concentrations of these three compounds were then tested to allow concentration-inhibition analysis, which revealed OX1w to have substantially improved potency at the mosquito OR, but not at the *D*. *melanogaster* receptor ([Fig 1](#pone.0177454.g001){ref-type="fig"}). As our long-term goal is to develop compounds that alter mosquito olfactory behavior, we decided to proceed with OX1w.

![Orco antagonist activity of phenylthiophenecarboxamide compounds OX1t-OX1w.\
Compounds were initially screened at 100 μM against ORs from *Drosophila melanogaster* (Dmel\\Orco+Dmel\\OR35a activated by 10 μM OLC12) and *Culex quinquefasciatus* (Cqui\\Orco+Cqui\\OR21 activated by 3 μM OLC12). Concentration-inhibition curves were constructed for compounds that displayed favorable antagonist activity at both receptors. OX1a (a previously identified Orco antagonist \[[@pone.0177454.ref049]\]) served as a reference compound. Data are presented as mean ± SEM (n = 3--11). nd, not determined.](pone.0177454.g001){#pone.0177454.g001}

Orco antagonists (such as OX1w) are able to block activation by Orco agonists (such as OLC12) when Orco is part of a heteromeric OR ([Fig 1](#pone.0177454.g001){ref-type="fig"}) and when Orco forms a homomeric channel ([S1 Fig](#pone.0177454.s001){ref-type="supplementary-material"} and [S6 Table](#pone.0177454.s007){ref-type="supplementary-material"}). In addition, several Orco antagonists have also been shown to inhibit odorant activation of ORs through an allosteric mechanism \[[@pone.0177454.ref048]--[@pone.0177454.ref051]\]. Because Orco is present in all ORs, Orco antagonists could act as universal inhibitors of OR function and might then serve to alter OR-mediated behaviors. To determine whether OX1w could also inhibit odorant activation, we tested 100 μM OX1w against a diverse array of ORs ([Fig 2](#pone.0177454.g002){ref-type="fig"}). Dmel\\Orco+Dmel\\Or35a activation by hexanol (1μM) was partially inhibited by 100 μM OX1w. We also tested OX1w against ORs from *A*. *gambiae*, the malaria vector, because a large set of *A*. *gambiae* ORs displaying robust function in oocytes is available \[[@pone.0177454.ref018]\]. Six different odorant specificity subunits from *A*. *gambiae* were each co-expressed with Agam\\Orco and activated with known odorant ligands for these receptors \[[@pone.0177454.ref018], [@pone.0177454.ref050]\]. Odorants were applied at an EC~50~ concentration to activate each receptor. Repeated odorant application to ORs expressed in *X*. *laevis* oocytes can cause a substantial decrease in the amplitude of subsequent responses. For this reason, each odorant response inhibition value was normalized to the value obtained when the assay was run in the absence of antagonist (sham). The extent of OX1w inhibition varied from 78 ± 5% response remaining for Agam\\Orco+Agam\\Or65 (activated by eugenol), to 8 ± 1% response remaining for Agam\\Orco+Agam\\Or28 (activated by acetophenone). While the extent of inhibition varied, which may represent a difference in the allosteric coupling between Orco and each of the various odorant specificity subunits, it is important to note that OX1w was able to inhibit odorant activation of each of the tested ORs. This result suggested that OX1w would be able to interfere with OR mediated behavior, regardless of which odorant specificity subunit and which species is involved (because the highly conserved Orco subunit is a component of all ORs).

![Orco antagonist OX1w inhibits odorant activation of a diverse array of ORs.\
(A) OX1w inhibits odorant activation of ORs from *D*. *melanogaster* and *A*. *gambiae*. Top trace, an oocyte expressing Dmel\\Orco+Dmel\\Or35a was challenged with a 30 sec application of 1 μM hexanol (Hex). After a 20 min wash period, 100 μM OX1w was applied for 90 sec before a second application of Hex and coapplied during the Hex application. Bottom trace, an oocyte expressing Agam\\Orco+Agam\\Or28 was challenged with a 30 sec application of 40 μM acetophenone (Ace). After a 20 min wash period, 100 μM OX1w was applied for 90 sec before a second application of Ace and coapplied during the Ace application. (B) Oocytes expressing a variety of ORs were activated by the appropriate odorant and tested for inhibition by OX1w as in panel A. Dmel\\Orco+Dmel\\Or35a was activated by 1 μM hexanol, Agam\\Orco+Agam\\Or15 was activated by 18 μM acetophenone, Agam\\Orco+Agam\\Or27 was activated by 3 μM L-fenchone, Agam\\Orco+Agam\\Or28 was activated by 40 μM acetophenone, Agam\\Orco+Agam\\Or31 was activated by 70 μM geranyl acetate, Agam\\Orco+Agam\\Or39 was activated by 10 μM 6-methyl-5-hepten-2-one, and Agam\\Orco+Agam\\Or65 was activated by 100 nM eugenol. Inhibition values were normalized to the value obtained when the assay was run in the absence of OX1w (sham). The structure of each odorant is shown. Data are presented as mean ± SEM (n = 3--8).](pone.0177454.g002){#pone.0177454.g002}

*D*. *melanogaster* larvae display robust attraction to ethyl acetate {#sec004}
---------------------------------------------------------------------

To determine whether compound OX1w could alter olfactory behavior, we turned to a well-established *D*. *melanogaster* larval olfactory chemotaxis assay \[[@pone.0177454.ref053]\]. A 10 cm plastic culture dish, with the bottom coated with 20 mL of 1.1% agarose, served as the behavioral chamber. Fifty *D*. *melanogaster* larvae (third-instar) were collected and placed in the center of the plate, flanked on either side by small filter discs containing odorant (ethyl acetate) or vehicle (mineral oil). Larvae were allowed to move for 5 min in a dark, quiet chamber before their positions were photographed. Calculation of a Response Index (RI) then allowed assessment of attraction (or repulsion) to the odorant. We chose ethyl acetate (EA) as an attractant because *D*. melanogaster larvae exhibit a strong attraction that is conserved across various strains \[[@pone.0177454.ref053]\]. A 1:1000 dilution of EA exerted a strong attraction ([Fig 3B](#pone.0177454.g003){ref-type="fig"}). To determine an appropriately attractive, but sub-saturating dilution of EA, we tested dilutions ranging from 1:100 to 1:10,000,000 ([Fig 3C](#pone.0177454.g003){ref-type="fig"}). Attraction towards EA fell sharply between the 1:100,000 and 1:1,000,000 dilutions, thus we chose a 1:250,000 dilution for subsequent experiments. Larvae were attracted to the 1:250,000 EA dilution with an RI of 0.69 ± 0.09 ([Fig 4B](#pone.0177454.g004){ref-type="fig"}), significantly differing from the mineral oil vs. mineral oil control in which the larvae showed no preference (RI = -0.01 ± 0.16).

![*D*. *melanogaster* larvae are attracted to ethyl acetate (EA).\
(A) Diagram of larval plate assay. A starting circle was drawn at the center of a 100x15 mm polystyrene Petri dish (VWR) containing 20 ml of 1.1% agarose. A line divides the plate in half, with a small filter disk on each side. A Response Index (RI) is calculated as RI = (S − C)/(S + C), where S = number of larvae on the stimulus (EA) side and C = number of larvae on the control (vehicle) side. RI = 1 would indicate complete attraction, RI = 0 would indicate no preference, and RI = -1 would indicate complete repulsion. (B) Left panel, at the start of an experiment, larvae are in the starting circle flanked on either side by small filter disks. 10 μL of 1:1000 diluted EA was placed on the left filter disk and 10 μL of mineral oil (vehicle) was placed on the right filter disk. Right panel, the same plate, following a 5 min migration period. The majority of larvae have moved towards the filter disk containing EA. A large group of larvae is indicated by the arrow. (C) Larval chemotaxis towards EA is assayed at a series of dilutions. Data are presented as mean ± SEM (n = 4--7).](pone.0177454.g003){#pone.0177454.g003}

![Ethyl acetate attraction is inhibited by an airborne Orco antagonist.\
(A) Cross-section diagram of the larval plate assay with the addition of a large filter paper on the inner side of the lid. (B) Results of the larval chemotaxis assay. EA, ethyl acetate; oil, mineral oil (vehicle); D, DMSO (vehicle); OX1w, Orco antagonist; Ø, nothing added; light, fiber optic light source. Data are presented as mean ± SEM (n = 4--9). Results were compared by one-way ANOVA and Bonferroni's multiple comparison test: for comparison to oil vs. oil control (sixth bar from top), \*\*, p\<0.01; \*\*\*, p\<0.001. Light repulsion (bottom 2 bars) with DMSO or OX1w in the lid filter was compared by two-tailed, unpaired t-test. (C) A representative OX1w inhibition experiment. In both panels, larvae were placed in the starting circle, flanked on the left by EA and on the right by mineral oil (vehicle). In the left panel, DMSO (vehicle) was applied to the lid filter paper, while in the right panel, OX1w was applied to the lid filter paper. A large group of larvae is indicated by the arrow. (D) Cross-section diagram of the larval plate assay with addition of a fiber optic light source.](pone.0177454.g004){#pone.0177454.g004}

We used genetically modified larvae to determine whether EA attraction is OR mediated. In contrast to wild type larvae (wt) that were strongly attracted to EA, larvae lacking Orco (*orco* ^-/-^) were not attracted to EA ([Fig 4B](#pone.0177454.g004){ref-type="fig"}). Deletion of Dmel\\Or42b has been shown to abolish attraction to highly diluted EA \[[@pone.0177454.ref054]\]. Concordantly, we found that larvae lacking Dmel\\Or42b were not attracted to EA. Thus, attraction to a 1:250,000 dilution of EA in our assay is an OR mediated behavior. Placement of EA was alternated between the left and right side of the plate to obviate bias. When EA was placed on both filter discs, larvae distributed equally, showing no preference. Next, we added an additional dimension to the experiment. As demonstrated by Kreher et al. \[[@pone.0177454.ref054]\], a large filter paper mounted in the inner lid of the dish can serve as a platform with which to test the effect of an additional compound on attraction to the initial compound. To test this arrangement, we added EA to the large filter (685 μL of the 1:100 dilution). Under these conditions, the larvae showed no preference for the 1:250,000 dilution of EA on the small filter disc. This effect, known as masking, was similar to what has been reported \[[@pone.0177454.ref054]\].

Attraction to ethyl acetate is abolished by Orco antagonist OX1w {#sec005}
----------------------------------------------------------------

Before testing whether OX1w has an effect on attraction to EA, we first tested whether OX1w alone might evoke a behavioral response. When tested against vehicle (DMSO), we found that OX1w was not attractive or repulsive, with the larvae showing no preference. Thus, under these conditions, OX1w itself does not function as an attractant or repellent.

Next, we assessed the ability of OX1w to act as a behavioral antagonist. We used the lid filter paper configuration shown in [Fig 4A](#pone.0177454.g004){ref-type="fig"}. When vehicle alone (685 μL of DMSO) was placed on the lid filter, the larvae remained robustly attracted to EA. In contrast, when 685 μL of 100 mM OX1w was applied to the lid filter, EA attraction was completely abolished ([Fig 4B and 4C](#pone.0177454.g004){ref-type="fig"}).

While we have shown that OX1w by itself is not attractive or repulsive to the larvae, it is possible that OX1w might exert a non-OR mediated effect that confuses the larvae or alters sensory perception in some generalized way. Such an effect could confound our assay. To test for this possibility, we used *D*. *melanogaster* larval aversion to light \[[@pone.0177454.ref055]\]. We used the same assay configuration shown in [Fig 4A](#pone.0177454.g004){ref-type="fig"}, with the addition of a light source ([Fig 4D](#pone.0177454.g004){ref-type="fig"}). A fiber optic light source was used to minimize thermal effects. First, DMSO (vehicle for OX1w) was placed on the lid filter. Larvae were strongly repelled by the light and moved to the opposite side of the plate, yielding a large negative RI value. The experiment was then repeated with 685 μL of 100 mM OX1w placed on the lid filter. The larvae remained strongly repelled by the light and moved to the opposite side of the plate even in the presence of OX1w. This result demonstrated that OX1w is not exerting a generalized behavioral effect on the larvae. Thus, the Orco antagonist OX1w, applied in an airborne context, can inhibit olfactory behavior in an insect.

Large, non-volatile Orco ligands have been previously shown to be active *in vivo*. When Orco agonist VUAA1 was introduced via a glass recording electrode into capitate peg sensilla on the maxillary palp of *A*. *gambiae*, the two OR expressing OSNs in these sensilla responded with increased spike frequency \[[@pone.0177454.ref038]\]. When bath applied to mosquito larvae, VUAA1 caused an increase in larval movement that was Orco dependent \[[@pone.0177454.ref056]\]. Importantly, introduction of Orco antagonist VU0183254 into an *A*. *gambiae* capitate peg sensilla inhibited the OSN response to subsequently applied odorant \[[@pone.0177454.ref051]\]. Thus, the ability of Orco antagonists to allosterically inhibit odorant activation of ORs that has been demonstrated in heterologous systems \[[@pone.0177454.ref048]--[@pone.0177454.ref051], [@pone.0177454.ref057]\], can also be observed in an *in vivo* context \[[@pone.0177454.ref051]\]. We have now provided the first demonstration that an Orco antagonist can be applied in an airborne context to alter an OR-mediated insect behavior. These results support the targeting of Orco as a novel approach to the control deleterious insect populations and suggest further development of Orco ligands as a priority.

The apparently ubiquitous presence of Orco in all insect ORs and the high conservation of Orco across insect species makes Orco an appealing target for the development of compounds that can control a wide range of disease vector insects through interference with their olfactory processes. However, widespread and indiscriminant use of such Orco directed compounds would be a cause for concern \[[@pone.0177454.ref058], [@pone.0177454.ref059]\]. Broadly active Orco antagonists would be unsuitable for agricultural use, as both pests and pollinators would be affected. For similar reasons, release of Orco directed compounds over large areas for disease vector control would be problematic. Orco antagonists should be designed and used as short-range deterrents for preventing insect bites as a means to combat insect-borne diseases in humans. Application to skin and clothing would limit the effects to only those insects approaching these sources. Most insects are not attracted to humans and typically do not come in contact with humans, except in self-defense. In this way, improved control of insect-borne diseases might be achieved without generating widespread ecological problems.

Materials and methods {#sec006}
=====================

Materials {#sec007}
---------

Odorants, Orco ligands, and other chemicals were from Sigma-Aldrich. Dmel\\Or35a and Dmel\\Orco were generously provided by J. Carlson and L. Vosshall, respectively. Agam\\Or15, Agam\\Or27, Agam\\Or28, Agam\\Or31, Agam\\Or39, Agam\\Or65 in pSP64T-Oligo, and Agam\\Orco in pT7TS \[[@pone.0177454.ref018]\], were generously provided by L. Zwiebel. Cqui\\Or21 and Cqui\\Orco were obtained as previously described \[[@pone.0177454.ref034], [@pone.0177454.ref035]\] and inserted into pGEMHE \[[@pone.0177454.ref060]\].

New Orco antagonists tested in this study (with CAS numbers where available) are: OX1t (313499-95-5), N-(2,4-difluorophenyl)-2-thiophenecarboxamide; OX1u, N-(2-chloro-4-fluorophenyl)-2-thiophenecarboxamide; OX1v, N-(3,5-difluorophenyl)-2-thiophenecarboxamide; OX1w (853328-86-6), 3-chloro-N-(4-fluorophenyl)-2-thiophenecarboxamide; OX1x, N-(4-((difluoromethyl)thio)phenyl)-2-thiophenecarboxamide.

Care and use of *Xenopus laevis* frogs {#sec008}
--------------------------------------

Mature, female *X*. laevis frogs were used as a source of oocytes for this study. The care and use of *X*. *laevis* frogs was carried out in accordance with the \"Guidelines for Egg and Oocyte Harvesting in Xenopus laevis, Revised 07/14/10\" from the Animal Research Advisory Committee of the Office of Animal Care and Use at the National Institutes of Health. The protocol was approved by the Institutional Animal Care and Use Committee of the University of Miami (Protocol Numbers: 13--056 and 13--149). Frogs were anesthetized in 0.1% 3-aminobenzoic acid ethyl ester. Sedation was assessed by loss of nasal flare and swallow reflexes. Oocytes were surgically removed and the incision was sutured. Immediately following surgery, a subcutaneous injection of Baytril (0.05 mL of a 2.27% solution) was administered as an antibiotic and one subcutaneous injection of Meloxicam (0.1 mL of a 0.015% solution) was administered to the dorsal lymph sack to serve as an analgesic. Frogs recovered from surgery in a humid environment before being returned to the holding tank. Frogs had a rest period of at least 3 months between surgeries.

Expression of insect ORs in *Xenopus laevis* oocytes {#sec009}
----------------------------------------------------

Follicle cells were removed from the oocytes by a 2 hr treatment with collagenase B (Roche). mMessage mMachine kits (Thermo Fisher Scientific) were used to synthesize capped cRNA for each OR subunit. 25 ng of each OR subunit was injected into stage V-VI oocytes. Oocytes were incubated at 18°C in Barth's saline (in mM: 88 NaCl, 1 KCl, 2.4 NaHCO3, 0.3 CaNO3, 0.41 CaCl2, 0.82 MgSO4, 15 HEPES pH 7.4, and 0.05 g/L tetracycline, 0.05 g/L ciprofloxacin, 0.1 g/L amikacin) for 2--5 days prior to electrophysiological recording.

Electrophysiology and data capture {#sec010}
----------------------------------

Odorant and Orco ligand induced currents were recorded under two-electrode voltage clamp, using an automated parallel electrophysiology system (OpusExpress 6000A, Molecular Devices). Oocytes were perfused with ND96 (in mM: 96 NaCl, 2 KCl, 1 CaCl2, 1 MgCl2, 5 HEPES, pH 7.4). Odorants and Orco ligands were prepared as 100 mM stock solutions in DMSO and then diluted into ND96 on the day of the experiment. Unless otherwise noted, applications were for 60 sec at a flow rate of 1.0 mL/min, with extensive washing in ND96 at 4.6 mL/min between applications. Micropipettes were filled with 3 M KCl and had resistances of 0.2--2.0 MΩ. The holding potential was -70 mV. Current responses were filtered (4-pole, Bessel, low pass) at 20 Hz (-3 db) and sampled at 100 Hz. Current responses were captured and stored using OpusXpress 1.1 software (Molecular Devices).

Experimental protocols and data analysis {#sec011}
----------------------------------------

Antagonist activity at Orco was assessed by exposing oocytes to two 60 sec applications of the Orco agonist OLC12 (2-((4-Ethyl-5- (4-pyridinyl)-4H-1,2,4-triazol-3-yl)sulfanyl)-N-(4-isopropylphenyl)acetamide) with 5 min washes between applications. Oocytes were then exposed to a 90 sec application of antagonist candidate, immediately followed by a 60 sec co-application of antagonist candidate and OLC12. The 90 sec pre-application of antagonist candidate is intended to avoid variation due to differences in antagonist candidate wash on rate \[[@pone.0177454.ref048]--[@pone.0177454.ref050]\]. The current response in the presence of antagonist candidate was compared to the mean of the preceding two responses to OLC12 alone and presented as a percentage \[[@pone.0177454.ref048]\].

To measure the ability of Orco antagonist OX1w to inhibit odorant activation, oocytes were exposed to a 30 sec application of odorant followed by a 20 min wash. Oocytes were then exposed to a 90 sec application of OX1w, immediately followed by a 30 sec co-application of OX1w and odorant. The current response in the presence of OX1w was compared to the preceding response to odorant alone and represented as a percentage. Repeated odorant application to ORs expressed in *X*. *laevis* oocytes can cause a substantial decrease in the amplitude of subsequent responses. For this reason, each odorant response inhibition value was normalized to the value obtained when the assay was run in the absence of antagonist (sham).

Initial analysis of electrophysiological data was performed with Clampfit 9.1 software (Molecular Devices). Curve fitting was done using Prism 5 (Graphpad). Concentration-inhibition data were fit to the equation: I =  I~max~/(1+(X/IC~50~)^n^) where I represents the response to activator in the presence of a given concentration of inhibitor, X; I~max~ is the maximal response to activator in the absence of inhibitor; IC~50~ is the concentration of inhibitor that reduces the response to activator by 50%; n is the apparent Hill coefficient.

*Drosophila* larvae care and chemotaxis assay {#sec012}
---------------------------------------------

Canton-S (CS) flies were used as wild type (wt). Mutant flies (*w*\*; *TI{TI}Orco*^*2*^) and (*y*^*1*^ *w*^*67c23*^; *P{EPgy2}Or42b*^*EY14886*^) were obtained from the Bloomington stock center. Larvae were kept in a controlled environment with a temperature of 20--26°C and a relative humidity of 60--80%. They were housed in 95x28 mm polypropylene vials (VWR) topped with cotton and contained 10 mL of food media. Food media consisted of agar, molasses, corn meal, dried yeast, propionic acid, and p-hydroxybenzoic acid methyl ester.

To harvest larvae for experiments, food media containing larvae was scooped out of the housing vial and placed in a Petri dish. Distilled water was then vigorously applied onto the clump to separate the larvae from the media and the plate was shaken in a circular motion to further promote the separation. Forceps were used to pick up each individual larva and place it in a small droplet of water located in a fresh Petri dish. Following the collection of 50 larvae, the flat edge of the scoop was used to push the larvae to one side of the water droplet and a Kimwipe was used on the opposite side to soak up as much water as possible. A "ball" of dried larvae was then placed in the center of the experimental dish.

The experimental dish was a 100x15 mm polystyrene Petri dish (VWR) containing 20 mL of 1.1% agarose. The larvae were placed inside a "starting circle" that was drawn on the outside bottom of the plate. A line was also drawn that divided the plate in half. Two small filter paper disks (d = 6 mm) were place on the agarose surface, one on each side of the plate ([Fig 3A](#pone.0177454.g003){ref-type="fig"}). These small filter paper disks were punched from Whatman Cellulose Filter Papers (Cat. No. 1030 023). Onto each filter paper disk was placed 10 μL of solution. Solution contained either vehicle of dilution (mineral oil or DMSO) or an odorant or antagonist compound (diluted in vehicle).

For odor masking and antagonist assays, we used the method described by Kreher et al. \[[@pone.0177454.ref054]\]. A large (d = 9 cm) filter paper (Whatman Filter Paper Cat. No. D00161-S) was adhered with double-sided tape to the inside of the Petri dish lid. Kreher et al. \[[@pone.0177454.ref054]\] reported that 750 μL could be placed on the lid filter without dripping onto the plate. In pilot experiments, we tested volumes from 500 μL to 1000 μL in 50 μL increments and found that 850 μL could be placed on the lid filter without dripping. To be cautious, we decided to use a volume of 700 μL in these experiments. However, at the time of experimentation, the amount of OX1w compound available required us to further reduce the volume to 685 μL per experiment. Antagonist candidate (OX1w) was screened at a 100 mM concentration. Once larvae were placed in the center of the dish, the solutions were applied to the filter papers and the lid was placed on top of the dish. A box was then placed over the entire experiment to block out light. Additionally, the box was insulated with Styrofoam and the entire experiment took place on top of Styrofoam to insulate from noise and vibrations. Following a 5 minute period during which the larvae were allowed to migrate, the box was removed and a photograph was taken to document the location of the larvae on the plate. Each photograph was coded and then counted blindly by a different individual.

Light aversion experiments were done in a manner similar to the olfactory attraction assay. These experiments did not include the small filter papers. Larvae were placed in the center of the experimental dish, solution was applied to the large lid filter paper, and the lid was closed. The entire experiment was covered with a box, and a fiber optic light was then turned on. The light was placed such that it shown across the plane of the agarose and hit the larvae at a 0° incidence angle. The light source (Bausch and Lomb Fiber Lite) was set at 2/3 intensity. We also explored the possibility of using compounds that activate the ionotropic (IR) class of insect olfactory receptors in the chemotaxis assay. These receptors are structurally similar to ionotropic glutamate receptors \[[@pone.0177454.ref061]\] and thus should not be sensitive to Orco antagonist compounds. IRs have been reported to respond to a variety of compounds, such as phenylacetaldehyde, phenethylamine, ammonia and acetic acid \[[@pone.0177454.ref061], [@pone.0177454.ref062]\]. We tested 27 reported or potential IR ligands in the chemotaxis assay at 1:100 dilutions. However, none of these compounds displayed attraction or repulsion ([S5 Table](#pone.0177454.s006){ref-type="supplementary-material"}).

A Response Index (RI) was calculated as RI = (S − C)/(S + C), where S is the number of larvae on the stimulus side and C is the number of larvae on the control side. Larvae not leaving the starting circle or touching the dividing line were excluded from the analysis. Statistical significance was assessed using a one-way analysis of the variance followed by Bonferroni's post-test, or a two-tailed unpaired t-test, as appropriate.

Supporting information {#sec013}
======================

###### OX1w inhibition of homomeric Orco channels.

Oocytes expressing Dmel\\Orco, Cqui\\Orco or Agam\\Orco were challenged with two 60 sec applications of the Orco agonist OLC12 (30 μM) with a 5 min wash between applications. Oocytes were then exposed to a 90 sec application of 100 μM OX1w, immediately followed by a 60 sec co-application of OX1w and OLC12. The current response in the presence of OX1w was compared to the mean of the preceding two responses to OLC12 alone and presented as a percentage (mean ± SEM, n = 5--8). The underlying data for this figure may be found in [S6 Table](#pone.0177454.s007){ref-type="supplementary-material"}.
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###### Data underlying [Fig 1](#pone.0177454.g001){ref-type="fig"}.
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###### Data underlying [Fig 2](#pone.0177454.g002){ref-type="fig"}.
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###### Data underlying [Fig 3](#pone.0177454.g003){ref-type="fig"}.
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###### Data underlying Table 1.
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###### Data for screening of potential IR active compounds.
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###### Data underlying [S1 Fig](#pone.0177454.s001){ref-type="supplementary-material"}.
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